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International linear collider
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ILC detector concept (ILD)

Vertex detector

ILC experiment
• e+e- linear collider
• Center of mass energy: 250-500 GeV
• Precise measurement of the Higgs boson 
• Search for physics beyond Standard Model



ILC Vertex detector system
• Single point resolution: < 3um

• Small pixel size: < 25 μm pitch

• Occupancy reduction: < 2%
• Time resolution: 554ns interval

• Bunch identification during  beam train

• Low material budget: ~0.1%/X0
• corresponds to ~ 100 μm Si thickness
• Low power consumption (50mW/cm2)+ gas flow cooling.

• Radiation hardness
• TID: 1 kGy/year
• NIEL:  1011 1MeVneq/cm2/year
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~1300	beam	bunches	(every	554nsec)

200msec



SOI Pixel Detector (SOIPIX) 
• SOI pixel detector 

• Small pixel size
• Complex functions in pixel 
• Low material budget 
• High speed, Low power circuit

• Double SOI structure
• Radiation hardness: > 100kGy (TID)
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Double SOI sensor



SOI detector for ILC: SOFIST 
• SOI sensor for Fine measurement of Space and Time

• Conceptual design of  SOI pixel sensor for the ILC vertex detector
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Target:
• Single point resolution: < 3 μm

• Pixel size: 20~25 μm pitch

• Time resolution: 554 ns interval
• In-pixel timestamp circuit



SOFIST: Pixel architecture 
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• Pixel circuit
• Pre-amplifier
• Comparator 

• Hit-signal discrimination
• Shift-register

• Latch hit signal

• Analog memory
• Store charge signal 
• Calculate weighted center of charges

• Timestamp memory
• Store hit timing

• Multiple memories



SOFIST: Prototype sensor
• Ver.1:

• Pixel: Analog signal readout 
• Pre-amplifier
• Analog signal memory 

• Ver.2: 
• Pixel: Hit detection, Timestamp

• Pre-amplifier
• Comparator + Shift register
• Analog signal memory / Time stamp memory

• Ver.3/Ver.4: in production
• Ver.3: Both analog signal and timestamp readout
• Ver.4: SOI sensor with 3D stacking (Poster by T. Tsuboyama)
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2.9 mm

4.45 mm



SOFIST Ver.1
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SOFIST Ver.1 sensor
• Pixel circuit

• Pixel array: 50x50, active area: 1x1 mm2

• Sensor thickness: 500 μm
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• Signal readout 
• Analog output or Column ADC readout

Pixel array

Column-ADC

2.9 mm



SOFIST Ver.1 sensor: Pixel circuit
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f    

f    

• Pixel circuit: Analog signal readout 
• Pre-amplifier: Charge sensitive amplifier

• High gain : 32 μV/e-, Low gain: 9 μV/e-
• Analog signal memory: 2 memories
• Pixel size: 20x20 μm2



SOFIST Ver.1 sensor: Beam test
• Beam test with SOFIST Ver.1 + FPIX (Talk by K. Hara) 

• Fermilab Test beam Facility (Jan. 2017)
• Proton beam: 120 GeV

• Sensor evaluation
• Particle track reconstruction
• Position resolution analysis
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Scintillator

(Trigger)
Scintillator

(Trigger)
FE-I4 sensor
(ROI Trigger)

 

Proton Beam

20mm 30mm

170mm

SOFIST x2
Pixel size: 20x20 μm2

Active area: 1x1 mm2

FPIX x4
Pixel size: 8x8 μm2

Active area: 1x1 mm2
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Cluster signal spectrum
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Signal peak: 420 ADU
S/N: ~300 

Signal peak: 174 ADU
S/N: ~124

Depletion: 200 μm 

• Sensor setup
• Bias voltage: 130 V, 15 V
• (Depletion width: 500 μm, 200 μm)

• Cluster signal reconstruction
• Summing 5x5 pixels around hit

• Readout by External ADC (12 bit)
• Pixel Noise: ~1.4 ADU

Depletion: 500 μm 



Tracking and residual analysis
• Track reconstruction

• Find track candidates from 4 FPIX hits (FPIX resolution: 0.6~0.7 μm )
• Residual calculation

• Difference between reconstructed track and detected hit on the SOFIST
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Scintillator
(Trigger)

Scintillator
(Trigger)

FE-I4 sensor
(ROI Trigger)

 

SOFIST

FPIX x4

Beam

Track reconstruction



Residual distribution: 500 μm thickness 
• Sensor setup: 

• Depletion width: ~500 μm (HV = 130V)
• Readout by External ADC (12bit)
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Residual Y: 5

Residual distribution: 200 μm thickness 
• Sensor setup: 

• Depletion width: ~200 μm (HV = 20V)
• Readout by External ADC (12bit)
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Residual X Residual Y

1.33 ± 0.03 μm 1.32 ± 0.03 μm



SOFIST Ver.2
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SOFIST Ver.2 sensor
• Pixel circuit

• Pixel array: 80x64, Active area: 2x1.6mm2

• Sensor thickness: 300 μm (Thinning to 75 μm)
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• Pixel type
• Analog signal pixel
• Timestamp pixel

Pixel array

Column-ADC

4.45 mm



SOFIST Ver.2 sensor: Pixel circuit
• Pixel circuit: Hit detection,  Timestamp

• Pixel size: 25x25 μm2

• Comparator + Shift register (2 stage D-FF)
• Analog signal memory or Time stamp memory (2 Memories)
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f    

f    

Analog signal pixel Timestamp pixel



HSTD11/SOIPIX2017@OIST

SOFIST Ver.2 sensor: Analog signal pixel
• Analog signal pixel

• Pixel response by test pulse: 200 mV 
• Threshold voltage: 100 mV
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1st Memory / Shift register

Test pulse

Pixel memory(1st)

Pixel reset
Shift register(1st) 

1st signal input 2nd signal input

Shift register/Pixel signal:
→ Latch at 1st signal input

f    
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SOFIST Ver.2 sensor: Analog signal pixel
• Analog signal pixel

• Pixel response by test pulse: 200 mV 
• Threshold voltage: 100 mV
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2nd Memory / Shift register

Test pulse

Pixel memory(2nd)

Pixel reset
Shift register(2nd) 

1st signal input 2nd signal input

Shift register/Pixel signal:
→ Latch at 2nd signal input

f    



SOFIST Ver.2 sensor: Timestamp pixel
• Timestamp pixel

• Pixel response by test pulse:  
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Input ramp signal

Pixel memory

Test pulse

Signal input

Ramp signal : Latch at signal input

f    



Summary
• SOI pixel sensor for ILC vertex detector: SOFIST

• Pixel: Store both hit signal and timing

• SOFIST Ver.1: Pixel for analog signal readout
• Particle tracking and positon resolution analysis
• Residual width: 1.33 ± 0.04 μm @200 μm

• SOFIST Ver.2: Pixel for hit detection, timestamp
• Confirmed pixel operation.
• Beam test : scheduled in Feb. 2018 
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Backup

2017/12/14 HSTD11/SOIPIX2017@OIST 23



HSTD11/SOIPIX2017@OIST

SOFIST Ver.2 sensor: Analog signal pixel
• Analog signal pixel

• Pixel response by test pulse: < 100 mV 
• Threshold voltage: 100 mV
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1st Memory / Shift register

Test pulse

Pixel memory(1st)

Pixel reset
Shift register(1st) 

1st signal input

Input voltage  <  Threshold
Pixel signal: Reset



SOFIST Ver.2 sensor: Analog signal pixel
• Analog signal pixel 

• Pixel response by test pulse: 200 mV,  100 mV
• Threshold voltage: 100 mV
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Test pulse > Threshold

Test pulse

Pixel memory

Pixel reset

Shift register

Test pulse < Threshold

Shift register: No-change
Pixel signal: Reset

Shift register: High → Low
Pixel signal: Latch

Test pulse

Pixel memory 

Pixel reset

Shift register

Signal input
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SOFIST Ver.2 sensor: Analog signal pixel
• Analog signal pixel

• Pixel response by test pulse: 200 mV 
• Threshold voltage: 100 mV

2017/12/14 26

1st Memory / Shift register 2nd Memory / Shift register

Test pulse

Pixel memory(1st)

Pixel reset
Shift register(1st) 

1st signal input 2nd signal input
Test pulse

Pixel memory(2nd)

Pixel reset
Shift register(2nd) 

1st signal input 2nd signal input

Shift register/Pixel signal:
→ Latch at 1st signal input

Shift register/Pixel signal:
→ Latch at 2nd signal input



SOI Pixel Detector (SOIPIX) 
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Advantages of SOI pixel detector
• Small pixel implementation 
• Complex functions in pixel circuit
• Low material budget 
• High speed, Low power
• Radiation hardness: > 100kGy(TID)

Detector structure of Double SOI sensor

Sensor layer

CMOS Circuit layer



SOI sensor for ILC: SOFIST
• SOI sensor for Fine measurement of Space and Time
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SOFIST Ver.1: Column ADC
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• Colum ADC circuit
• Wilkinson-Type ADC
• Resolution: 8bit / 1V = 3.9mV/bit,  Conversion time: 2.56usec



SOFIST Ver.1: Column ADC
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• ADC SPICE simulation

Output (8bit)

Comparator 

Signal/Ramp input

0 136

Input signal Ramp signal



SOFIST Ver.1:
• Column ADC: output linearity

• ADC response by test pulse input.
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ADC Test pulse response ADC Residual (Non-linearity)



SOFIST Ver.1 chip
• Sr-90 irradiation

• SOFIST setup: Bias voltage = 140V, Readout by On-chip ADC

32

SOFIST output data
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Beam test: Event display
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• Sensor setup
• Depletion width: ~500 μm (HV = 130V)
• Readout by External ADC (12 bit)

Speak/Npixel ~300 (@500um thickness)

• Cluster signal reconstruction
• Finding hit pixel over threshold
• Summing 5x5 pixels around hit

Cluster size (Pixel)

Charge share: 4 pixels

Signal peak: ~420 ADU
Pixel noise: 1.4 ADU/pixel 

Signal spectrum      

Signal peak: ~420ADU

Pixel noise

Noise: ~1.4 ADU



SOFIST Ver.1: HV scan
• Bias voltage dependence of Peak signal

• Bias voltage: 15 ~ 130V

2017/12/14 HSTD11/SOIPIX2017@OIST 35

Signal spectrum Bias voltage v.s. Peak signal

Full depletion



• Cluster signal spectrum
• SOFIST setup: External ADC (12 bit), On-chip ADC (8 bit)
• Bias voltage: 130V (Full depletion), Clustering: 5x5 pixels

SOFIST Ver.1: Signal spectrum
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• Cluster signal spectrum
• SOFIST setup: External ADC (12 bit), On-chip ADC (8 bit)
• Bias voltage: 130V (Full depletion), Clustering: 5x5 pixels

SOFIST Ver.1: Signal spectrum
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SOFIST Low gain (BPW:16)

Cluster signal, S/N (High gain)
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• Sensor setup
• Depletion width: ~500 [um] (HV=130V)
• Readout by External ADC (12bit)

Speak/Npixel ~440 (@500um thickness)

• Cluster signal reconstruction
• Finding hit pixel over threshold
• Summing 5x5 pixels around hit

Cluster size (Pixel)

Charge share: ~4pixels

Signal peak: ~900 [ADU] 
Pixel noise: 2.2 [ADU/pixel] 
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SOFIST Low gain (BPW:16)

Signal spectrum

Signal peak: ~900ADU
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SOFIST Low gain (BPW:16)
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SOFIST Low gain (BPW:16)

Cluster signal, S/N (Low gain)
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• Sensor setup
• Depletion width: ~500 [um] (HV=130V)
• Readout by External ADC (12bit)

Speak/Npixel ~300 (@500um thickness)

• Cluster signal reconstruction
• Finding hit pixel over threshold
• Summing 5x5 pixels around hit

Cluster size (Pixel)

Charge share: 4~5pixels

Signal peak: ~420 [ADU] 
Pixel noise: 1.4 [ADU/pixel] 

Signal spectrum      

Signal peak: ~420ADU
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SOFIST Low gain (BPW:16)
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SOFIST Low gain (BPW:16)

Cluster signal, S/N (Low gain)
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• Sensor setup
• Depletion width: ~200 [um] (HV=20V)
• Readout by External ADC (12bit)

• Cluster signal reconstruction
• Finding hit pixel over threshold
• Summing 5x5 pixels around hit

Cluster size (Pixel)

Charge share: 2~4pixels

Signal spectrum      

Signal peak: ~174ADU



HV scanning:
• Evaluation for thinner sensor: High gain

• HV: 20V, Depletion width: 500um → ~200um
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SOFIST Low gain (BPW:16)

Signal spectrum

Signal peak: 900 ADU Signal peak: 309 ADU

Depletion: 500um   Depletion: 200um   
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Sigma     0.36± 28.58 

Cluster signal [ADU]
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Ev
en

ts

0

100

200

300

400

500

h1_l_1
Entries  9940
Mean    489.4
Std Dev     142.1

 / ndf 2χ  609.9 / 67
Constant  48.3±  3084 
MPV       0.8± 429.9 
Sigma     0.36± 28.58 

SOFIST Low gain (BPW:14)
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Sigma     0.42± 28.95 
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SOFIST Low gain (BPW:12)
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Mean      478
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Constant  63.4±  5365 
MPV       0.6± 421.4 
Sigma     0.32± 33.36 
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SOFIST Low gain (BPW:16)
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Sigma     0.7±  43.2 
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SOFIST High gain (BPW:16)
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Sigma     0.38± 19.33 
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SOFIST Low gain (BPW:14)
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Sigma     0.38± 19.78 
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SOFIST Low gain (BPW:12)
h1_l_3
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Mean    214.5
Std Dev     89.36

 / ndf 2χ   60.1 / 10

Constant  2.108e+02± 1.608e+04 
MPV       0.4± 174.2 
Sigma     0.25± 19.12 
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SOFIST Low gain (BPW:16)

HV scanning:
• Evaluation for thinner sensor: Low gain 

• HV: 20V, Depletion width: 500um → ~200um
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Signal spectrum
Depletion: 500um   Depletion: 200um   

Signal peak: 420 ADU Signal peak: 174 ADU



Residual distribution
• Evaluation for thinner sensor 

• HV: 20V, Depletion width: 500 μm → ~200 μm
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Residual X: 4
h_resx_5

Entries  4338
Mean   0.1344
Std Dev     2.629

 / ndf 2χ  19.28 / 9
Constant  10.4± 392.4 
Mean      0.02848± 0.05086 
Sigma     0.028± 1.331 

Residual X [um]
15− 10− 5− 0 5 10 15

Ev
en

ts
0

50

100

150

200

250

300

350

400

h_resx_5
Entries  4338
Mean   0.1344
Std Dev     2.629

 / ndf 2χ  19.28 / 9
Constant  10.4± 392.4 
Mean      0.02848± 0.05086 
Sigma     0.028± 1.331 

Residual X: 5
Depletion: 500um 

Depletion: 200 μm 
h_resx_4
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Residual X: 5
Residual distribution

1.37 ± 0.04 μm 1.33 ± 0.03 μm

Depletion: 500 μm 



h_resy_4
Entries  913
Mean   0.01004
Std Dev      2.81

 / ndf 2χ  7.293 / 9
Constant  4.26± 73.72 
Mean      0.0774± 0.1718 
Sigma     0.080± 1.548 
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Residual Y: 4
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Constant  5.4± 118.5 
Mean      0.0538± 0.1866 
Sigma     0.049± 1.383 
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Residual X: 5

Residual distribution
• Sensor setup: 

• Depletion width: ~500 [um] (HV=130V)
• Readout by On-chip Column ADC (8bit)
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Residual X Residual Y

1.49 ± 0.06 μm 1.38 ± 0.05 μm



SOI-3D stacking sensor
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Upper layer

Lower layer

Sensor layer

• Stacking circuit chip on SOI sensor
• Connecting upper and lower chip by Au cone bump with 5um pitch

Tohoku MicroTec Co., Ltd.



SOI-3D stacking sensor
• Ver.4 pixel circuit layout
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Lower pixel
• Pre-amp
• Comparator

Upper pixel
• Shift-register
• Analog memory x3
• Timestamp x3

20um

20um



SOI technology
• Suitable for operation in harsh radiation condition

• Insensitive to Single-event effects because transistors are isolated 
from the wafer (bulk) silicon.
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Shift register / Memory
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Signal input

No-hit

Signal input

After 1st hit

Signal input

After 2nd hit

ON

ON

OFF

OFF


